Universality of the rho-meson coupling in effective field theory 
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It is shown that both the universal coupling of the p meson and the Kawarabayashi-Suzuki- 
Riadzuddin-Fayyazuddin expression for the magnitude of its coupling constant follow from the 
requirement that chiral perturbation theory of pions, nucleons, and p mesons is a consistent effective 
field theory. The prerequisite of the derivation is that all ultraviolet divergences can be absorbed in 
the redefinition of fields and the available parameters of the most general effective Lagrangian. 
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Already in the 1960s, vector mesons were discussed 
in the framework of phenomenological low-energy chiral 
Lagrangians 0, 0, U- For the details of the construc- 
tion of chirally invariant effective Lagrangians describing 
the interaction of vector mesons with pseudoscalars and 

baryons see, e.g., Refs. [lllS0&H[lS[ll[l2- In 

Ref. ! different formulations of vector- meson effective 
theories were shown to be equivalent. In the massive 
Yang-Mills approach (for a review see, e.g., Ref. £|) vec- 
tor mesons are treated as gauge bosons of local chiral 
symmetry (with symmetry breaking mass terms added 
by hand) . This scenario implies that the p meson couples 
universally, i.e. with the same strength, to fermions and 
pseudoscalars. In the so-called hidden chiral symmetry 
approach (see, e.g., Refs. [J, la, III) /^coupling universality 
is obtained only with a specific choice of a free parameter 
of the Lagrangian. Although the hypotheses of dynam- 
ical bosons of both approximate and hidden local chiral 
symmetry arc attractive, there is. as was emphasized in 
Ref. , no proof for the existence of such gauge bosons 
of local chiral symmetry in QCD. 

Besides the construction of the effective Lagrangian, a 
consistent effective field theory (EFT) program requires 
a systematic power counting which allows one to orga- 
nize the perturbation series. For example, within the ex- 
tended on-mass-shell renormalization scheme of Ref. 0] 
it is possible to consistently include virtual (axial-) vector 
mesons in a manifestly Lorentz-invariant formulation of 
the EFT 0] , provided they appear only as internal lines 
in Feynman diagrams involving soft external pions and 
nucleons with small three-momenta. Moreover, a consis- 
tent power counting also exists within the reformulated 
version [l5j of the infrared renormalization of Becher and 
Leutwyler [161 ]. 

In this letter we consider the effective Lagrangian of 
Ref. |3( describing the interaction among p mesons, pi- 
ons, and nucleons. In principle, the Lagrangian contains 
all interaction terms which respect Lorentz invariance, 
the discrete symmetries, and chiral symmetry. As was 
stressed in Ref. |3| , the equality of the pmr and the pNN 
coupling constants does not follow as a consequence of 
the symmetries of the Lagrangian. Below we perform 



a one-loop order analysis of the nucleon and p-meson 
self-energies as well as the ppp and pNN vertex func- 
tions. In accordance with the general principles of effec- 
tive field theory 17], we require that all ultra-violet (UV) 
divergences can be absorbed into the redefinition of fields, 
masses, and coupling constants, as long as one includes 
every one of the infinite number of interactions allowed by 
symmetries |18|| . The renormalization procedure imposes 
consistency conditions among the (renormalized) param- 
eters of the Lagrangian. In our case, both the universal 
coupling of the p meson as well as the Kawarabayashi- 
Suzuki-Riazuddin-Fayyazuddin (KSRF) value of the p- 
meson coupling constant |l9t |20| turn out to be conse- 
quences of the self-consistency conditions imposed by the 
EFT approach. 

We start from the chirally invariant effective La- 
grangian, including vector mesons, in the form given by 
Weinberg 0, 



C 



1 M 2 

-r) ■K a f)^-rr a 2-7r a 7r a 

+* (h* 1 ^ - m o) *o 



1 



1 



1 n ^abca a b cp 

T a 



(1) 



where ttq and are isospin triplets of pion and p- 
meson fields with masses Mo and M p q, respectively, and 
^0 is an isospin doublet of nucleon fields with mass 
mo The field strengths are defined as F" = 

dpPuO ~ d vPU + 9^ ahc AoPlo, where g pNNa = go follows 
from chiral symmetry |3(. Finally, C\ contains an infinite 
number of terms allowed by the symmetries of the theory 
pL7L llSj . In Eq. the subscripts stand for bare quan- 
tities. In principle, a pfmir interaction would also have 
a dimcnsionlcss coupling constant, but it is not included 
in the Lagrangian of Eq. jTJ> . because it is not consistent 
with chiral symmetry in the present parametrization of 
fields 0. 
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In order to establish relations among the renormal- 
ized coupling constants pertaining to the Lagrangian of 
Eq. Jy, we analyze the renormalization of the coupling 
constant go using dimensional regularization in combina- 
tion with the minimal subtraction (MS) scheme (for a 
definition see, e.g., Ref. However, our findings be- 

low do not depend on the choice of a specific renormaliza- 
tion scheme. For that purpose we rewrite the Lagrangian 
in terms of the renormalized fields 7r a , Vf, and p p as well 
as the renormalized parameters g, M, m, and M p , 
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Using Eq. (0, we re-express the Lagrangian of Eq. Q as 
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with the basic Lagrangian 
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the counterterm Lagrangian 

_ 0Z, P 4Q 40^ 

{ 8Z 

SgpiTTT + gpTlTT ( Z I" <5-^7T 



(3) 



£ 7T a M 7T p ^ 



- ( + - 5 <JZ P ) e^p^p' 



(4) 



and the residual piece L\. In Eqs. © and Q, we de- 
fined A" = <9 M p" — d u p p , and in £ ct we only displayed 
those counterterms explicitly which are relevant for the 
subsequent discussion. All remaining counterterms are 
included in C\. 
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FIG. 1: Self-energy diagrams. Solid, wiggly, and dashed lines 
correspond to nucleons, p mesons, and pions, respectively. 
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FIG. 2: Vertex diagrams. Solid, wiggly, and dashed lines 
correspond to nucleons, p mesons, and pions, respectively. 



In the following, we will first derive the universality of 
the p coupling, i.e., g p ^ = g. To that end, let us consider 
the ppp and p^>^ vertex functions (amputated Green's 
functions) at one-loop order. At that order there are two 
types of contributions: the genuine one-loop diagrams 
with basic interaction vertices and the tree-level diagrams 
with one-loop order counterterms. We will make use of 
the fact that the combination of these two types of con- 
tributions must lead to UV finite results. 

Up to and including one-loop order, the renormaliza- 
tion constant of the p-meson field receives contributions 
of the form 



\sz p 



zig 



(5) 



where the z\ term corresponds to p-meson and fermion 
loop contributions, and the Z2 term to the pion-loop con- 
tribution, respectively (see Fig-QJ. We combine the con- 
tribution of the counterterm diagram generated by the 
ppp term in the third line of Eq. Q with the diver- 
gent parts of the one-loop contributions to the ppp vertex 
given in Fig. [5] Requiring that the result vanishes, we 
obtain 



rV + r 2 . 9 ; 
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where the Ti term is generated by p-meson and fermion 
loops, and the T2 term by the pion loop, respectively. 
Substituting Eq. (JSJ in Eq. © and solving for Sg we 
obtain 

Sg = ri.9 3 + T 2 gl^ - 3zi. 9 3 - 3z 2 gg%. n . (7) 

Next, we go through analogous arguments for the pNN 
term. First, the one-loop p-meson contribution to the 
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renormalization constant of the ^S> field, in terms of the 
renormalized couplings, reads 



etc., we obtain from Eq. (|14|l . in terms of renormalized 
quantities, 
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Again, we combine the divergent parts of the one-loop 
contributions to the p^>^> vertex given in Fig. with the 
contribution of the counterterm diagram generated by 
the p^ty term in the last line of Eq. (0} and require the 
result to vanish: 



1 

Dig A + 5g + g-5Z p + gSZy = 0. 



(9) 



Substituting Eq. JSJ) in Eq. © and solving for Sg we 
obtain 

Sg = -D ig 3 - (zi + 2 Wl ) g 3 - z 2 g g% n . (10) 

In order to have a self-consistent theory, the two expres- 
sions for Sg given by Eqs. and lfTU|l must coincide. 
Calculating Z\, z 2l W\, T\, r 2 , and Di explicitly |2^| and 
comparing Eqs. (JJJ) and 1)10(1 we obtain: 
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Equation ijTTJl has a trivial solution g plX7X — 0, which cor- 
responds to the EFT without pions, and the non-trivial 
solution 



g p7T7T .9' 



(12) 



In other words, from the EFT standpoint the univer- 
sality of the p coupling, g p7r7r = g, is a consequence of 
the consistency conditions imposed by the requirement 
of perturbative renormalizability 24] . From this point of 
view, universality neither appears to be something which 
has to be postulated nor is it obtained as the result 
of a dynamical principle such as vector-meson dominance 

m __ 

As has been pointed out in, e.g., Refs. Q, chiral 
symmetry specifies the combination of the vector-meson 
mass term and the pmr coupling that should appear in 
the Lagrangian. This combination reads 
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where Fq denotes the bare pion-decay constant in the 
chiral limit. Comparing Eq. I|13|) with the Lagrangian of 
Eq. J3> it follows that, in order to retain chiral symmetry, 
the relation 



gpTTirO 



(14) 



should hold. Taking Eq. I|12|) into account and perform- 
ing a loop expansion of bare quantities, go = g + 0(h) 



™ 9 (15) 

Equation (|15|l is the well-known Kawarabayashi-Suzuki- 
Riazuddin-Fayyazuddin relation |l9l |20| which was orig- 
inally derived by combining current algebra with soft- 
pion techniques and either assuming universality 0] or 
assuming vector-meson dominance in conjunction with 
the conserved vector current hypothesis [2C| . In the EFT 
framework, this relation is a natural consequence of chi- 
ral symmetry and the consistency conditions which are 
imposed on the parameters of the effective Lagrangian 
by the requirement of renormalizability. 

We would like to emphasize that our analysis of the 
renormalizability of the considered EFT is only partial 
(the complete analysis is beyond the scope of this letter). 
For example, in addition to the divergences explicitly an- 
alyzed here, the considered diagrams contain divergences 
requiring counterterms which have a non-renormalizablc 
structure (in the traditional sense). For the consistent 
EFT it should be possible to absorb all these divergences 
in the redefinition of the parameters of C\. Further- 
more, the applied dimensional regularization implicitly 
subtracts all power-law divergences. In a complete anal- 
ysis it would be necessary to show that these divergences 
can be absorbed in the redefinition of the parameters 
and fields of the most general effective Lagrangian. Al- 
though we believe that, in the sense of renormalizabil- 
ity, there exists a consistent EFT of nucleons, pions and 
vector-mesons, to the best of our knowledge this never 
has been proven. Therefore, strictly speaking, our re- 
sults should be interpreted that, given the existence of 
a consistent EFT, universality and the KSRF relation 
necessarily hold. 

To summarize, we have considered the most general 
effective Lagrangian for the interaction of p mesons with 
pions and nucleons, respecting Lorentz invariance, the 
discrete symmetries, and chiral symmetry. While usu- 
ally the universal p coupling is taken as an additional 
assumption, in the framework of EFT it has a deep foun- 
dation, namely the consistency of EFT with respect to 
renormalization. In addition, combining chiral symme- 
try and the consistency of EFT naturally generates the 
KSRF relation among the renormalized p-coupling con- 
stant, p-meson mass, and pion-decay constant. 



Acknowledgments 

The work of J. Gegelia was supported by the Deutsche 
Forschungsgemeinschaft (SFB 443). G. Japaridze thanks 
the National Science Foundation (NSF-G067771) for sup- 
port. 



4 



[1] J. S. Schwinger, Phys. Lett. B 24, 473 (1967). 
[2] J. Wess and B. Zumino, Phys. Rev. 163, 1727 (1967). 
[3] S. Weinberg, Phys. Rev. 166, 1568 (1968). 
[4] U.-G. Meifiner, Phys. Rept. 161, 213 (1988). 
[5] M. Bando, T. Kugo, and K. Yamawaki, Phys. Rept. 164, 
217 (1988). 

[6] M. Harada and K. Yamawaki, Phys. Rept. 381, 1 (2003). 
[7] G. Ecker, J. Gasser, H. Leutwyler, A. Pich, and E. de 

Rafael, Phys. Lett. B 223, 425 (1989). 
[8] G. Ecker, J. Gasser, A. Pich and E. de Rafael, Nucl. 

Phys. B321, 311 (1989). 
[9] B. Borasoy and U.-G. Meifiner, Int. J. Mod. Phys. A 11, 

5183 (1996). 

[10] J. Gasser and H. Leutwyler, Ann. Phys. (N.Y.) 158, 142 
(1984). 

[11] J. Gasser, M. E. Sainio, and A. Svarc, Nucl. Phys. B307, 
779 (1988). 

[12] M. C. Birse, Z. Phys. A 355, 231 (1996). 

[13] T. Fuchs, J. Gegelia, G. Japaridze, and S. Scherer, Phys. 

Rev. D 68, 056005 (2003). 
[14] T. Fuchs, M. R. Schindler, J. Gegelia, and S. Scherer, 

Phys. Lett. B 575, 11 (2003). 
[15] M. R. S chindler, J. Gegelia, and S. Scherer, 

hep-ph/0309005 to appear in Phys. Lett. B. 
[16] T. Becher and H. Leutwyler, Eur. Phys. J. C 9, 643 



(1999). 

[17] S. Weinberg, Physica A 96, 327 (1979). 

[18] See, e.g., S. Weinberg, The Quantum Theory Of Fields. 
Vol. 1: Foundations (Cambridge University Press, Cam- 
bridge, England, 1995), Chap. 12. 

[19] K. Kawarabayashi and M. Suzuki, Phys. Rev. Lett. 16, 
255 (1966). 

[20] Riazuddin and Fayyazuddin, Phys. Rev. 147, 1071 
(1966). 

[21] We only analyze interaction terms with dimension- 
less coupling constants. The explicit inclusion of non- 
renormalizable interaction terms is not necessary for the 
purpose of this work. Note that, although the pertur- 
bation series is organized as a systematic expansion in 
small momenta and the pion mass, the renormalization 
program still follows the standard procedure of absorbing 
divergences in field redefinitions and the renormalization 
of masses and coupling constants. 

[22] J. C. Collins, Renormalization (Cambridge University 
Press, Cambridge, England, 1984). 

[23] D. Djukanovic, M. R. Schindler, J. Gegelia, and 
S. Scherer, in preparation. 

[24] Let us stress that we have derived Eq. 1121 to leading 
order, i.e., we have shown that g p7r7T = g + 0(h). 



